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ABSTRACT: ressure-time recordings were made of the bubble
pulses from 1-1b charges of RDX/TNT/Al mixtures. The
percentage of aluminum was varied from O to 45%, with HBX-1
and HBX-3 compositions included. It was found that as
aluminum content increases, the bubble pulse peak pressure
and energy decrease, the positive duration increases, and
the positive impulse remains reliatively constant., Total
bubble energy, as represented by the cube of the first
bubble period constant, increases with increasing aluminum.
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THE EFFECT OF ALUMINUM ON UNDERWATER EXPLOSGIVE PERFORMANCE:
BUBBLE PULSE PARAMETERS FROM I-LB CHARGES

I INTRODUCTION

1, Recent exwloslion tests carried out against cylindrical
models [a, b]*, and one shot agalnst a submarine Fc], have
shown that the bubble pulse can be a maJjor factor in hull-
splitting attacks against submarines. However, exact knowledge
as to the mechanism of such damage 1s at present lacking.

In order to study bubble pulse damage one should have
a rather detailed knowledge of the bubble pulse itself - e.g.,
its peak pressure, positive impulse, energy and duration.
Very little such information i1s available, and, furthermore,
that suitable for controlled experiments is very scanty [d, e].

A recent study in this Laboratory [f] had indicated that
bubble pulse damage was affected by the aluminum content of
the explosive used., Consequently, this study of bubble pulse
parameters as a function of aluminum content was initiated to
discover 1f damage could be correlated with any particular
parameter of the bubble pulse,

21, The explosives selected for study were RDX/TNT/aluminum
mixtures with 5% wax desensitizer. The RDX/TNT ratio was
fixed at 1.05/1.00 and amounts of aluminum up to 45% of the
total welght were added. The percentages of aluminum were so .
chosen that both HBX-1l (17% aluminum) and HBX-3 (35% aluminum)
were 1included in this study. A few TNT charges were also
included, for comparilison with earlier results (d].

The tests reported here were fired at a depth of 500
feet in the ocean, and bubble pulse pressure-time recordings
were made from forty-two charges. The shockwave parameters
of these compositions were also studied from a second group
of tests, and are discussed in reference [g].

* Such letters refer to the 1list of references at the end
of this report.

## Actually, the RDX/TNT ratio in HBX-3 1is 1.07/1.00 [h],
but this difference 1s certainly negligible here,
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II EXPERIMENTAL DETAILS

3. Charges, The charges, prepared by the Explosivas
Propertles Division of this Laboratory, welghed 450 grams
each, exclusive of booster, and were in the shape of cylinders
with length roughly equal to diameter. Each charge was
boostered at one end with 50 grams of pentolite. Compositions
are shown in Table I, together with charge densities.

TABLE I
Charge Specifications

Composition, % by Welght Density

Aluminum RDX TNT Wax gm/cc
o 48.6 L6, 4 5 1.61

10 3.5 41.5 5 1.66

e 40,0 38.0 5 1.69

25 35.9 34,1 5 1.72

35 30.7 29.3 5 1.79
L5 25.6 24,4 5 1.83

4, Rig and Instrumentation. Four channels of electronic
plezoelectrlc gauge recording equipment were used. These
channels were similar to those used 1in previous shockwave
recording [i1], but had several important modifications in
order to record the bubble pulses properly, since these
phenomena are of relatively long duration and low pressure,

The gauge assembly and charge were held rigidly in a
17.5 £t diameter steel ring (Fig. 1). Steel cables of 1/8 in.
slze were used for positioning the gauges and cables; the
charge was held by marlin. The charge axis was perpendicular
to the plane of the ring so that all measurements were made
off the side of the charge. The gauges were placed edge-on
to the charge and outside the anticlipated maximum bubble
radius. The entire assembliy was suspended by a 3/16 in.
steel cable from the ship. Vanes on the sides of the ring
prevented twisting of the cables.

The charge depths were found from the length of cable
pald out. This method of measurement had been found

2
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satisfactory (d] whenever the ship's drift was small., Wire
angles with the vertical were taken, but not used in the
calculations*, A better check on the depths could have been
provided by a pressure switch; however, the experimental
pressure switch taken on the expedition proved faulty, so
was not used.

2 Tourmaline four-plle gauges, 3/4 in, dlameter, were
used on all the measurements. This size 1s sufficiently
sensitive (KA~ 18 micromicrocoulombs/psi) to record the
pressures expected. In view of the lack of need for high
frequency response 1irn bubble pulse measurements, such a

large gauge size 1s permissible. The gauges were given three
thin coatings of Zophar wax and dipped in clear Tygon paint.
+ . Araldite 101 coating was also used on some gauges,

The gauges were soldered directly to 650-ft lengths of
"signal-free" cable with polyethylene dielectric. The cables
were terminated in a simple R-C series network [J] with
R = 1.25 times the cable impedance and C = 2,0 times the
cable capacity.

6. Cathode follower circuits with an input impedance of
approximately 100 megohms were used on the outputs of the
termination networks. This was found necessary in order to
minimize low-f_equency distortion, which 1s of importance in
such bubble measurements. The modified DuMont 208 oscilloscopes
(1] used in the measurements had an over-all low frequency

time constant of about 1/2 second - probably adequate for

these recordings.

In previous similar measurements [d], in which the
same recording apparatus was used, an apparent negative shift
of the base line after passage of the shockwave had been
observed. This was believed to be due to grid current drawn
by the extremely large shockwave signal. Hence a circuit
was 1incorporated in the oscllloscopes to 1limit the shockwave
signal to a reasonable value and thus prevent the base line
shift. This circult was installed in two of the four
channels, one at each gauge distance, for comparisor with
the unmodifled channels. Unfortunately, the limiting circult
did not eliminate the negative shift, and no real difference
between the resuits from the two sets of channels was found.

* The cosine correction to the depth makes very little
difference 1n the calculations, and 1s uncertain since the
cable may not be stralght. Actually, TNT period constants
were closer to previous finalngs without 1it.

4
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angles with the vertical were taken, but not used in the
calculatlons*, A better check on the depths could have veen
provided by a pressure swltch; however, the cexperimental
pressure swltch taken on the expedition proved faulty, so
was not used.

a5 Tourmaline four-pile gauges, 2/4 in. dlameter, were
used on all the measurements. This size 1s sufficiently
sensitive (KA~ 18 micromicrocoulombs/psi) to record the
“ressures expected. In view of the lack of need for high
frequency response in bubble pulse measurements, such a

large gauge size 1s permlssible. The gauges were given three
thin coatings of Zophar wax and dipped 1n clear Tygon paint.
An Araldlte 101 coating was also used on some gauges.

The gauges were soldered directly to 650-ft lengths of
"signal-free" cable with polyethylene dlelectric. The cables
were terminated in a simple R-C series network [J] with
R = 1,25 times the cable impedance and C = 2,0 times the
cable capacity.

6. Cathode follower circuits with an input impedance of
approxlmately 100 megohms were used on the outputs of the
termination networks. This was found necessary in order to
minimize low-frequency distortion, which 1s of importance 1in
such bubble measurements. The modlflied DuMont 206 oscllloscopes
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time constant of about 1/2 second - probably adequate for

these recordings.

In previous similar measurements [(d]}, in which the
same recording apparatus was used, an apparent negative shift
of the base line after passage of the shockwave had been
ooserved, This was believed to be due to griu current drawn
by the extremely large shockwave signal. Hence a circult
wad 1ncorporated in the oscllloscopes to limit the shockwave
signal to a reasonable value and thus prevent the base line
shift. This circult was 1installed in two of the four
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cable may not be straight. Actually, TNT perlod constants
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Wnile this base line et'fect was troublesome, it could
be taken into account in the analysig of the results
(see Appendix A), Ordinarily it amounted to about 40-60 psi;
however, when a new gauge-cable combination was installed,
the shift was considerably greater and decreased on successlive
shots with the same gauge and cable,

Timing was provided by a2 1000 cycle tuning fork. Timing
dots were obtained {rom a crater tube and recorded on the film
simultaneously with the pressure record. The Selsyn camera
drives and lucite camera drums [k] were driven at about
325 rpm, thus giving several bubble pulses on a 10 in. strip
of film,

ITIT TREATMENT OF DATA

Figure 2 shows tracings of pressure-time film records
for three compositions. From continuous strip prints of the
plezoelectric gauge records, measurements of the first three
bubble periods and the pressure-time histories for the first
bubble pulse were obtained.

7. DBubble Periods. The first three bubble period constants
were calculated from the equatlon:

r 7z 5/6
= 2.9 D=l 3, 8
7 =

= perilod constant of n-th pulse

bubble period in sec

= absolute hydrostatic depth in ft of water
(charge depth + atmospheric pressure in ft
of water)

W = charge welght in 1b

where:

o
"

Since the booster has a different bubble energy than
the main body of the charge, the directly measured period is
that for a composite of two explosives, However, the weight
cf the booster, W,, can be converted to an equivalent weight
of base charge, W by using successive approximations of
the cubes of the first period constants [h], which are
proportional to bubble energiles:

5
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whe:re:

b 4 refers to base charre
b refers to booster

In the present series, a value of 4,35 [h] for the first
period constant of the pentolite booster was used to calculate
the corrected weights. The same corrected welght was used 1n
calculating the second and third period constants,

8. The measured perlod values are glven 1in Table II, and

the average period constants, together with standard deviations,
in Table III. There are few free watcr values in the litecature
with which to compare these results. Of the six compositions,
only HBX-1 and HBX-3 have been reported. In reference [1]
values for HBX-1 of 4.98, 5.22 and 5.14 were found at depths

of 1, 2 and 3 mlles using 1-1b charges. In reference [m
half-pound HBX-1 and HBX-3 charges were fired at 10, 79 and

115 ft. Assuming that the charges at 79 ft were sufficiently
far away from interfering surfaces, the constants K

calculated by the method of paragraph 7 for the periods

reported in {m] are 5.20 for HBX-1 and 5.70 for HBX-3.

7
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350
359

319
320
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317
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TARLLE Il

MEASURED BUBBLE PERTODS

0 Tl
(Ft Water) (msec)
533 23.5
534 24,3
545 23.3
544 23.1
545 23.3
545 23.1
545 23.8
834 25.3
534 25.3
545 25.0
545 25.1
545 25.0
534 27.2
545 26.6
545 26.6
545 26.5
545 26.8
545 26.4
545 27.1
534 28.8
545 28.3
545 28.3
545 28.1
545 28.3
545 28.3
545 28.9
533 29.7
545 29.1
545 29.3
545 29.1
545 28.9
545 29.2
545 30.0
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TAB

24
(Ft wa

534
534
545
545
545

545
545
545

BUBBLE PERIOD CONSTANTS

+0.52%
+0.20%
+0,.24%
+0.32%
+0.47%
+0.27%
+0.70%

LE II (cont.)

T
ter) (msec)
30.2
30.6
29.6

2948
30.0

TABLE III

3.14  +0.51%
3,22 +0.46%
3.31 +0.34%
3.41 +0.45%
3.37 +0.81%
3.38 +0.46%
2.97 +0.81%

See Paragraph 7
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o
(msec)

18.2

18.4
17.8
18.0
18.3
16.2
15.8
15.5

X3

2456
2.61
2.75
2.79
2.80
2.79
2.47

T3
(msec)
15,1
15,0
14.9
14,9
15.1
13.4
13.1
13.0
Average
o, Correc ted
M3 Weight*
(pounds)
+0,88% 1.11
+0.54%  1.09
+0.27% 1.07
+0.27%  1.06
+0.59% 1.05
+0.53% 1.05
+0.50% 1.03
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9. Bubble Pulse Parameters, Measurements on the first
bubble pulse of the varlous compositions were muade from
composite pressure-time curves drawn from the records for
each of the two gauge positions. It was impossible to make
these measurements using a set of pressure and time axes
with origin at the point of the shockwave discontinuity; due
to anomalous responses of the recording mechanism (see
paragraph 6), a simple extension of the shockwave hydrostatic
pressure line of each record did not provide a reasonable
base line for bubble pulse measurements.

Composite plots were obtained from the individual records
by first adJjusting the maximum pressure of each pulse to the
same time and then locating the first minimum pressure point of
each record at the same pressure level, The time location of
these minimum pressure values was not necessarily the same.

A smoothed curve was drawn through the polnts, and a base line
was determined in the manner described in Appendlx A¥*,

Figure 3 shows such a composite curve from 14 records. 1In

Fig. 3 are indicated the final adjusted base line, the locatlions
of several minimum pressure points, and the half-periods used

as limits of integration. The half-period values are averages
of the various perlods (Tawle II).

10, The following bubble pulse parameters were measured from
the composite plots:

1) AP, - maximum positive pressure
deflectlon above hydrostatic
2) At - duration of the positive portion

of the pulse

3) I = /pdt - positive impulse; integrated
Yeo over At
4) E = ‘/p dt - "energy"; integrated over the
interval from the mid-point of

the first bubble period to the
mid-point of the second bubble
period*#

Integrations were performed with a moment planimeter.
Values of these parameters measured wlth the arbltrary

base line are given in Table IV, A comparison with earller
work on TNT 1s given in Appendix A.

* This arbitrary base line should correspond to the

hydrostatic pressure.

#%  FEnergy flux as deflned by -?réf——-./bzdt i1s not reported.
oo

10
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IV DISCUSSION

11. The varlous bubble paremeters obtalned were tabulated

as values for the aluminized
corresponding values for the
relative total bubble energy
the cube of 1its first period

¢xplosives relatlive to the
non-aluminized explosive, The
of each mixture was erxpressed as
constant divided by the cube of

the first period constant of the non-aluminized mixture. The
bubble energy ratios on an eaqual welght basis are given 1n
Table V for the {irst three periods.

TABLE V

RELATIVE TO NON-ALUMINIZED MIXTURLE
FOR EQUAL WEIGHT

BUBBLE ENERGIEU

% Al First Second Third
Period Period Period
(K, /Ko)> (K /Ko)P (K /Kp)>
0 1.00 1.00 1.00
10 1,24 1.08 1.06
17 d 355 1.17 1.24
25 1.88 1.28 1.30
35 2.08 1.24 1.31
45 2,20 1.25 1.3C

The values obtalned are plotted against aluminum content
in Fig. 4. TFrom Fig. 4.a 1t 1s seen that the total bubble
energy (i.e. that for the first perlod) increases markedly
with alumlinum content. Although 1t is not evident here,
previous work [h] indicates that the bubble energy has a broad
maximum around 45% aluminuin, Bubble energles for the second
and third periods are seen to be less strongly affected by an
increase in aluminum content.

Fig. 4.b shows that the energy in the second bubble
period becomes a smaller fraction of that in the first as the
aluminum content 1s increased. This indicates that the energy
losses between the first and second periods must become greater
as the aluminum content 1is 1increased. However, the energy
losses between the second and third period are little affected
by aluminum content.

13
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12, The relative values of the first bubble pulse parameters
for equal charge welpghts are glven in Table VI, Values for
both th2 35 in, and the 70 1in, distance are glven, These
ratios for the 35 1in. distance are plotted against aluminum
content 1n Filg. 5. The curves for the 70 1in. distance are
essentially the same, except that tue energy curve liles about
10% higher at the first three points, showing a maximum at
103 aluminum, In fact, there was so little variation with
distance that the pressure-tilm2 historles at 35 in. and 70 1in,
can be practically superimposed on 4 non-dimensional plot of

p/ AP vs t/At,

Both the impulse and positive uuration increase with
aluminum content, the impulse levelling. off to a broad maximum,
The maximum pressure of the pulse decreases steadily with
aluminum content and so does the energy. It is difficult to
reconcile this trend with the increasing loss of energy with
aluminum content found between the first and second periods,
as noted in paragraph 11.

13. The above presentation of results relative to an egual
weight o, the non-aluminized explosive, while 1t shows clearly
the effect of aluminum content, does not directly show the
significance of this effect 1n terms of a standard explosive
used in service weapons of given volume. In Figs. 6, 7 and 8
the results of these tests, along with some previously reported
data, are shown relative to HBX-1 for equal volumes of
explosive. The relative values at the 35% aluminum point
represent HBX-3/HBX-1l on an equal volume basis.

TABLE VI

FIRST BUBBLE PULSE PARAMETERS
RATiOS TO NON-ALUMINIZED MIXTURE FOR EQUAL WEIGHT

compo- Charge-to-Gauge Distance = Charge-to-Gauge Distance =
sition 35 inches 70 inches
» * 2 * * * xR *
(% A1) AP_ At /bdt 'fp dat ap, 4at" [pdt [p¥at
0 1.00 1.00 1.00 1.00 1.00 1,00 1.00 1.00
10 0.95 1.15 1.06 1.02 0.92 0,95 1.17 1.13

17 0.84 1.2 1.14 0.95 0.84 1,09 1.16 1.07
25 0.68 1.26 1,13 0.82 0.68 1.23 1.20 0.98
35 0.54 1.38 1.18 0.77 0.52 1.33 1.18 0.79
45 0.4 1.5:1 1.16 0.68 0.40 1.33 1.16 0.63

* See Table IV
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FIG. 5 FIRST BUBBLE PULSE PARAMETERS RELATIVE
TO NON-ALUMINIZED MIXTURE FOR EQUAL WEIGHT

(CHARGE - TO-GAUGE DISTANCE 2 35 INCHES)
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In Flg. 6 are shown the total bubble energy ratlos from
the present free-water tests, and the shallow-water tests of
references [h] and [g]. The free-water values (solid line)
are slightly different from the shallow-water results which
must be corrected for surface and bottom effects. The
shallow-water measurements of these identical charges [g]
are in excellent agreement with previous results (dotted line)
where a large variety of RDX/TNT/Al mixtures was tested under
similar conditions [(h]. In Fig. 6, the values shown fcr the
HBX-3/HBX-1 bubble energy ratio are 1l.42 for free water, and
1.36 for shallow water shots. In addition, there are reported
values of 1.50 for 13-pound charges in free water [n], and
1.35 [m] and 1.41 [o] for half-pound charzes in shallow water.

14, VPFor Figs. 7 (ratios of period constants) arnd 8 (bubble
pulse parameters) the values of Figs., 4 and 5 were recomputed
relative to HBX-1, and converted to an equal volume basis by
means of density ratios of the explosives. For Flg. 8, the
parameters of the first bubble pulse were obtained on an
equal volume basis by aiﬁgming the accustic relg}%onships:

a Fn proportional to W » I proportional to W and E

proportional to W, The ratios of At are not shown.

17
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FIG.6 TOTAL BUBBLE ENERGY RELATIVE TO
HBX -1 FOR EQUAL VOLUME
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APPENDIX A

For measurements of bubble pulse parameters, the base
line was so located that the minimum pressure value was equal
to a calculated minimum pressure ¢1PM*.

As a first approximati a, APM was calculated as 1in
reference [d], where the same problem was encountered.
Because of the difference in explosive composition, equation
[A-27] in [d] was modified for use here with the assumptions:
(a) that the relative bubble energyv of two explosives is
proportional to the cube of the ratio of thelr period constants,
and (b) that the adiabatic parameters & and k for the explosives
considered do not vary radically from those for TNT. On the
basis of these assumptions, the equation for the first minimum
pressure becomes:

K 1/3
6 X 2/3 W 1)
APM = - 501 <' ]r- "'> zo / T_ (

where:

K = first bubble period constant

Z. = absolute hydrostatic depth in ft of water
(charge depth + atmospheric pressure in ft
of water)

R = charge-to-gauge dlstance 1in ft

W = charge weight in 1b

X refers to explosive other than TNT

* In this discussion the usual notation for maximum and
minimum bubble pressures will be used:
APM = pressure at maximum bubble radius
(minimum pressure)
APm = pressure at minimum bubble radius
(maximum pressure)

20
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If this method were applicable to the explosives studied
here, the diffe,ence between the observed minimum pressure
(measured from the recorded hydrostatic line) and the
calculated ‘APM should be the same order of magnitude
regardless of composition. Since, however, these differences
consistently decreased with 1ncreasing percentage of aluminum,
equation (1) was considered inadequate.

A more general approach which utillzes an easily measured
quantity, the recorded total deflection ( AP -,APM), was
therefore used for determining the calculated minimum pressure.
This method was derived from the following equations [p]:

oty = - —F— | -, (2)

4 = —F— | - 3T
where:

APM = minimum bubble pressure

APm = maximum bubble pressure
P, = absolute hydrostatic pressuve in lb/in.2
R = charge-to-gauge distance 1in ft

. L = scale factor for length, as given in [p]
a = non-dimensional maximum bubble radius

M
The actual maximum radius, AM’ is given by:

Ay = LaM (4)

2l
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Using (4):
APy
AP,
where:
¢&
wé

From (5) and (6):

APm

where:
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= M N
p
o 7
T Am ik
1 . (B-1)k
2y

-1

[1-

k

(5)

(6)

(7)

(8)

i

(9)

The maximum radius Ay, in feet, 1s given by (4) in which:

where:

¢ 3-0 ‘v

> p l/?
8.64 (3-—" —+
o

absolute hydrostatic pressure in 1b/in,

water density in gm/cc
actual time 1in seconds
non-dimensional time
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Equations (9.3) and
9.5), reference [q]).

2



(APm -APW)

CALC

CONFIDENTIAL
NAVORD REPORT 2277

|

___1_.____._|

B T N T S o S .|

|

|

-

—— . s—
Jﬂﬂi.
k\

0.5 C.6

FIG. A-1 (BPm=-0Pp Jeale. VS k
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Using the values for ay and t from [q] and [r], the
quantity ( AP, - APM) was calculated and plotted as a
function of ¥ and k for one composition at one distance,
Figure A-1 shows such a plot for the non-aluminized
composition at the 35 inch distance for the first total
deflection (APm —APM)l. The values of observed (4P -APM)
were measured from pressure minimum to succeeding pressure
maximum without regard to any base line., With the values
of k and ¥ for which (APm -APM)calc. = (APm 'APM)obs.
[see Fig. A-1], several values of AAPM may be calculated
from (5) and plotted as a function of ¥; Filg. A-2 shows
such a plot for the same composition and distance as Fig. A-1l.

FIGURE A-2, CALCULATED AP vs 8

My

0% Aluminum Distance = 35 inches
Temperature = 300O K

-130 -
Calculated
A PM1 i

(psi)
-120 [— //

-110 —

| . ! . |
1,2 1.3 1.4 1.5
o]
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In order to obtaln a calculated APM, 2 sultable value

of 8 for each exploslive composition was determined in the
following manner:

Kn

5 =R -zTaf%—- (10)

Vi
where:
R = gas constant = 1.986 cal/°C mole
n = number of gaseous moles of decomposition
g products
i refers to the ccmponents of the
decomposition product (H20, CO, etc.)

n, = number of moles of 1
c, = molar heat capaclity of the 1-th

dl component [s]

The values of ¥ were calculated for a temperature of 300 k.
The decomposition products used were those of the "CO arbitrary
decomposition equation" for aluminized and those of the

"H20 arbitrary decomposition equation" for non-aluminized
explosives [t].

The above method of calculating minimum pressures was
applied to both the first and second bubble maxima
( APy and AP, ) in order to determine two points on the
1 2

base 1line. A straight line connecting these two pressure
points was, in every case, below and very nearly parallel
to the recorded hydrostatic pressure line.

25
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Further slight adjustments of the calculated base line
were made in such a way that the net value of _/;dt be tween
successive bubble maxima was zero [u]. The times of the
first and second bubble maxima were taken to be the first
and second half-periods, respectively. The necessary
adjustments were of the order of five to fifteen lb/ine.
and were made parallel to the calculated base line.

In order to compare the above method of base line
setting with that presented in {d], results obtained for
Almfimpulse, and energy for TNT by the two methods are
shown in Table A-I. An approximate value of 5.6 for oo
for the present series was used,

TABLE A-I
wi/3 AP at 24¢ First
R W c W Period
0’0 Constant
(Impulse) (Energy)
gzg;zgt 0.356 1119 1.081 125 4,22
Reffg‘]’"ce 0.352 1140 - 1.12 - 134 - 4.31
1210 1.17 141

The values for pressure, impulse, energy and period
constant are consistently lower for the present TNT
measurements than those obtained in reference [d], which
might be due to a slight difference in charge weight or
density., If both sets of data are adjusted to the same
pressure and time scale (given by Ade and period conscant)
the values for momentum and energy appear to be almos?.
identical.

26
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